An impedance model for the electrochemical dissolution of lithium in alkaline solutions is presented. The construction technique of the impedance function depends on calibration to steady-state properties, described in Part II of this series. The model, which is based on the point defect model for the growth and breakdown of passive films, is used to identify effects of various electrolyte solutes on the properties of the lithium film. The high frequency experimental impedance data are explained by the existence of a capacitance that is voltage and frequency dependent, a property that is theoretically rationalized. It is concluded that electrolyte solutes influence the rate of water transport through the outer layer, rate constants, the polarization of the barrier layer/outer layer interface, and the porosity of the outer layer. Based on the shape of predicted impedance signatures, it is suggested that the derived impedance equation may be applicable to other systems. Thermodynamic and electrochemical kinetic studies on the lithium/water system demonstrate that the dissolution of the metal under open circuit conditions is regulated by a bilayer film composed of lithium hydride and lithium hydroxide.
Thermodynamic and electrochemical kinetic studies on the lithium/water system demonstrate that the dissolution of the metal under open circuit conditions is regulated by a bilayer film composed of lithium hydride and lithium hydroxide. 1 A steady-state model consistent with this bilayer notion and based on the point defect model ͑PDM͒ [2] [3] [4] [5] has been developed. 6, 7 The model extends the PDM by incorporating the porous LiOH outer layer and by recognizing the existence of a defective LiH barrier layer. The steadystate model successfully accounts for the rate of metal dissolution and hydrogen evolution in alkaline solutions as functions of the applied voltage. It proposes an outer layer porosity that is a decreasing function of the applied potential, which causes the total current density to be also a decreasing function of the voltage within a certain voltage domain. The steady-state model explains the invariance of the open circuit potential ͑OCP͒ in diverse electrolytes and accounts for the variation of the coulombic efficiency with respect to electrolyte composition and voltage, in terms of the compensating effects of the porosity of the outer layer on the partial anodic ͑Li dissolution͒ and cathodic current densities. 6, 7 A more stringent test of the model is performed by measuring the interfacial impedance over a wide frequency domain and comparing the data with calculated impedances as various independent parameters are varied in a systematic manner. In the present paper, the voltage and electrolyte composition are chosen as the relevant independent variables, so as to be consistent with the steady-state electrochemical kinetic work that is reported in Part II of this series. 6 The present work demonstrates that the modified PDM developed earlier can be extended to explain impedance data. Figure 1 summarizes the bilayer model discussed in Part II. 6 Defective lithium hydride is proposed to exist next to the metal surface and a highly porous lithium hydroxide film, between the LiH layer and the electrolyte. The flux of hydrogen vacancies, V H
Theory
• , from the metal/barrier layer interface ͑MBI͒ to the barrier layer/outer layer interface ͑BOI͒ is responsible for the growth of the LiH film into the metal. The flux of metal vacancies, V Li Ј , in the reverse direction describes dissolution of the metal. It is believed that cation vacancies, V Li Ј , are the main charge carriers in LiH crystals. [8] [9] [10] [11] Other studies suggest that anion vacancies and interstitial species play important roles in charge conduction.
12, 13 In the steady-state model, both species transport charge in the LiH film, but cation vacancies appear to be the predominant charge carriers. 6 Dissolution of the LiH at the BOI together with Li ϩ being ejected from the barrier layer cause local supersaturation, and hence, precipitation of the porous LiOH outer layer. The pores remain open in the steadystate, because of the dependence of the chemical potential, and hence solubility of LiOH, on the pore radius.
In this paper, the faradaic impedance of the system is computed by determining the first order perturbation in the total current due to a harmonic perturbation in the applied voltage, as discussed elsewhere. [14] [15] [16] By invoking steady-state constraints, an analytical expression for the impedance is computed. Fitting the impedance equation to experimental data permits the estimation of model parameters; thus yielding additional information on the interfacial phenomena that cannot be determined based only on steady-state analyses. The steady-state model derived in Part II 6 is used as the zero frequency limit. The derived equation for the system impedance is The parameters C 3 , C 4 , B 1 , B 2 , B 3 are defined as functions of various model parameters such as activities, rate constants, transfer and diffusion coefficients, applied potential, and the specific differential capacitance; R s is a constant, and is the frequency. Definitions of C 3 , C 4 , B 1 , B 2 , B 3 for the lithium/water system are described later in this paper. Representation of the system impedance as Eq. 1 is appropriate because it includes a maximal set of five independent parameters that can be obtained via curve fitting to experimental data. In order to derive values for various model parameters, information on the variation of the five parameters with respect to the applied potential, as well as steady-state parameters reported elsewhere, 6, 7 are used. A principal goal of this paper concerns the derivation of Eq. 1 and determination of model parameters.
The total current density derived from charge transfer reactions in Fig. 1 
where F is Faraday's constant (9.649 ϫ 10 4 C mol Ϫ1 ) and k 1 , k 2 , k 4 , k h are the rate constants for Reactions 1, 2, 4, and 6 in Fig. 1 The term J W BOI is interpreted as the molar flux of water averaged over an area that includes both the solid matrix and the pores of the LiOH layer at the BOI. 17, 18 In deriving the faradaic impedance of the system, besides determining the first order response in I T due to a small harmonic perturbation in the applied voltage, steady-state constraints are invoked to construct an impedance expression that is consistent with the zero frequency limit. For example, requiring that the rate of film formation is equal to the rate of film dissolution yields
k s o symbolizes the standard rate constant of inner layer dissolution ͑Reaction 5 in Fig. 1͒ 
Ј and k 2 o Ј are standard rate constants for Reactions 1 and 2 in Fig.   1 . Note that Eq. 2 is valid in general, independent of steady-state constraints. On the other hand, Eq. 4 is expected to be only valid at conditions ''close'' to steady state, such as those induced by a small harmonic perturbation in the applied potential of low frequency. According to Eq. 4, the response of the total current, I T , to a perturbation in the applied potential is defined by the responses of the concentration and flux of water, c W and J W , and the outer layer porosity, , to that perturbation. These responses are derived below. The harmonic perturbation to the polarization state, V o , is represented by
where V is the total applied potential and ⌬V o is the amplitude of the voltage perturbation. It is understood that only the real part of the complex function e it has physical significance. The activity of species j, a j , is approximated by a j Ϸ c j /c o ͑c j is the molar concentration and c o , a standard state concentration chosen as 1 M͒. The constant c o is used to define activities as dimensionless quantities. Thus, the water activity, a W , is
The first order response of the water concentration in the pore interior ͑outer layer͒, 
͓10͔
The solution to Eq. 10 under the assumption that water transport occurs through a semi-infinite outer layer, that ⌬c W is linearly related to the small voltage amplitude ⌬V, and satisfying the restriction that the concentration is bounded in the limit x → ϩϱ, is
where
The origin of coordinates for the position variable, x, is set at the MBI ͑see Fig. 1͒ . B W is a function of the voltage and frequency and is defined as
Steady-state constraints discussed in Part II are invoked for a more explicit definition of B W . It has been previously derived that
ss is the rate constant for Reaction 3 evaluated at V o . According to Eq. 14, in the limit of zero frequency ͑i.e., under steady-state conditions͒
͓15͔
On the other hand, substitution of Eq. 11 into Ficks' law yields
Necessarily ⌬J W ͉ BOI must be bounded in the limit of infinite frequency ͑a physical requirement͒; therefore, B W must decrease with increasing frequency, at least as fast as Ϫ1/2 . Defining B W as
provides consistent values in the limits of zero and infinite frequency.
In order to assign a physical interpretation to A 1 , let J Vϱ symbolize the variation in the flux of water into the porous outer layer with respect to the variation in the applied potential in the limit of infinite frequency; i.e.
͓18͔
From Eq. 16 and 17
From Eq. 19, it is concluded that
In general, J Vϱ may be defined as a complex number. However in the present treatment, J Vϱ is assumed to be real, which is equivalent to requiring that ⌬V and ⌬J W ͉ BOI are in phase in the limit of infinite frequency ͑see Eq. 16͒. The response of the concentration and flux of water to the voltage perturbation is determined by Eq. 11, 16, 17, and 20. To complete the derivation of the response of the total current, I T , to the voltage perturbation, the response of the porosity, , must be established. is computed by requiring equilibrium in the pore interior between the ionic species, Li ϩ and OH Ϫ , and the LiOH matrix. The concentration of Li ϩ in the interior of the pore is voltage dependent, implying that is also a function of the voltage perturbation. Elsewhere it has been derived that
where P is the number of pores per unit of outer layer surface, and r o and o (ϭPr o 2 ) are a reference length and porosity, respectively. The parameters r o and 2 are related to the chemical potential of the lithium hydroxide in the pore wall. 6 The constant ␣ 3 is the transfer coefficient for Reaction 3 ͑Fig. 1͒, ␣ is the BOI polarizability, 6 and ␥ equals F/RT ͑R is the ideal gas constant and T ϭ 298 K͒. If it is assumed that Eq. 21 is valid in general, not only at steady state, the perturbation in the porosity, ⌬, is
Equation 21 is valid in general if equilibrium exists between the ions in solution, Li ϩ and OH Ϫ , and the LiOH matrix. It is possible that at high frequencies of the perturbation in the potential, Eq. 21 may not hold because of kinetic limitations.
Determination of the response of the total current to the perturbation in the potential is straightforward from results derived above. By differentiation of Eq. 4
Substitution of Eq. 16 and 22 into Eq. 23 yields
It is convenient to express the faradaic admittance of the system as
where Journal of The Electrochemical Society, 148 ͑10͒ B386-B399 ͑2001͒
Additional steps are needed for the derivation of the system impedance ͑Eq. 1͒. If C is the film capacitance, the admittance of the system, Y, is the sum of the faradaic admittance and iC; i.e.
Furthermore, if the solution resistance, R s , is included, the system impedance is
where B 1 , B 2 , and B 3 are
Because of the steady-state constraints used in deriving Eq. 
where is the surface charge density of the film and Ĉ (V o ), the specific geometric capacitance ͑geometric capacitance per unit of surface͒ evaluated at V o . Note that, if the specific geometric capacitance, Ĉ , is independent of the applied potential, the differential capacitance and specific geometric capacitance are equivalent. bations in the applied potential have an effect on the differential capacitance and on the system impedance ͑see Eq. 29͒. In general, perturbations in Ĉ may be frequency dependent as argued in the following. For a parallel plate capacitor, the geometric capacitance is inversely proportional to the distance separating the plates. Thus, it is reasonable to assume that Ĉ is a function of the barrier layer ͑hy-dride film͒ thickness, L bl , and the applied potential; i.e.
Steady-state and PDM indictate that the potential drop at the MBI, MBI , is computed as 
The response of the barrier layer thickness to the voltage perturbation is obtained by differentiation of Eq. 37; i.e.
C 1 and C 2 are two unknown functions of the applied voltage. Note that Eq. 39 is valid in general if Ĉ ϭ Ĉ (V,c W BOI ). From Eq. 33 and 39, it is concluded that the differential capacitance, C, is of the form
In the present approach, C 3 and C 4 are treated as unknown functions of the applied voltage, to be determined via a curve fitting technique. Equation 1 is readily derived from Eq. 29 and 40. Excellent agreement between experimental data and the impedance function in Eq. 1 has been found, as discussed later in this paper.
Experimental
Experimental impedance data were gathered as part of a program to develop lithium/water batteries. 21, 22 The electrochemical cell used for acquiring the impedance data included lithium ͑99% purity͒ as the working electrode, a saturated calomel electrode ͑SCE͒/Luggin probe, and a nickel gauze ͑a mesh woven from 0.114 mm diam wire͒ counter electrode as described in Part II. 6 Lithium was mounted in a Teflon sample holder of cylindrical shape, which defined the area of the lithium surface ͑0.95 cm 2 ͒ that was exposed to the electrolyte. The tip of the reference electrode ͑Luggin probe͒ was placed near the surface of the working electrode to minimize the potential drop due to the electrolyte resistance. The nickel gauze counter electrode was placed 5 cm apart from the working electrode. In order to reduce interference from external sources, the electrochemical cell was located within a Faraday cage. Impedance data were gathered in 12 M KOH electrolytes with and without sucrose ͑0.58 M͒. Experiments at lower concentrations are not feasible because of the high Figure 2 shows Nyquist plots ͓imaginary ͑ϪZ͒ vs. real ͑Z͒, Z ϭ impedance͔ of electrochemical impedance data. Figures 2a and b display impedance data for 12 M KOH and 12 M KOH ϩ 0.58 M sucrose electrolytes, respectively, for different polarization states ͑vs. standard hydrogen electrode, SHE͒ The high frequency data plotted in Fig. 2 exhibit interesting features. The impedance of any charge transfer process coupled to a constant ͑i.e., independent of frequency͒ differential capacitance yields a perfect semicircle in the Nyquist plane. 23 Therefore, the high frequency region in Fig. 2b is more consistent with a constant differential capacitance than is the high frequency loci in Fig. 2a , with the form of the latter being classically accounted for by distributed relaxation time constants or the presence of constant phase elements in an electrical analog.
Results and Discussion
The angles of the low frequency impedance loci in Fig. 2a are ϳ/4 and suggest a diffusion impedance of the Warburg kind, 23 as might be expected for a semi-infinite diffusion process ͑related to the water transport through the outer layer͒. The low frequency loci in Fig. 2b points to a negative intersection on the real axis in the limit of zero frequency. Equivalent circuits can reproduce this behavior with the presence of a negative resistance, whose existence is not justified in linear system circuit theory. However, this negative resistance is readily explained electrochemically. The slope of the total current density vs. voltage, dI T ss /dV, in Fig. 4a and 5a in part II 6 is negative for potentials above Ϫ2.5 V SHE . The derivative dI T ss /dV is the steady-state differential faradaic admittance. In the limit of zero frequency ͑i.e., at steady state͒, the total admittance is equal to the faradaic admittance, thus explaining the low frequency trends in Fig. 2b . The impedance loci in Fig. 2a could also exhibit negative intersections on the real axis at zero frequency. This is not readily observed, as the steady-state differential faradaic admittance, dI T ss /dV, is close to zero and because of the difficulty in probing the system at sufficiently low frequencies.
The impedance parameters in Eq. 1 were determined by minimizing an error function defined as
where Z is the impedance computed with Eq. 1 and Z e , the experimental impedance. The sum in Eq. 41 includes all of the experimentally accessible frequencies ͑from 0.1 Hz to 20 kHz͒. The objective function, Eq. 41, was preferred over a standard squared expression because minimization of this latter function produced in general poor fits to the high frequency impedance. On the other hand, minimization of the objective function in Eq. 41 usually yielded more balanced results, with adequate fits to both the low and high frequency data.
The error function, Eq. 41, was minimized as a function of C 3 , C 4 , B 1 , B 2 , B 3 , and R s , by a steepest descent algorithm ͑a numerical Newton algorithm readily available in Mathematica 4.0͒. Confidence intervals for the parameters were estimated by a variant of the technique known as parametric bootstrap. 24 In this technique, an impedance set ͑defined as a collection of impedance data at a given polarization potential and electrolyte composition͒ was transformed into one hundred sets by random selection, without repetition, of impedance points in the original set. For each of these one hundred sets, parameters C 3 , C 4 , B 1 , B 2 , B 3 , and R s were derived via minimization of Eq. 41, yielding one hundred values for each of the parameters, and allowing for the computation of statistics and definition of confidence intervals reported in Tables I and II . In this paper, data generated for each of the parameters via the bootstrap technique is referred to as bootstrap data. Data derived from manipulation ͑i.e., multiplication, division, etc.͒ of bootstrap data is also referred to as bootstrap data. The number one hundred was selected to make the problem computationally tractable and also because statistics from one hundred samples were not significantly different from those derived with two hundred sets, for a few testing cases. Tables I and II 
Multiplication of Eq. 26 by the left side of Eq. 42 yields
In deriving Eq. 43, the steady-state relationship in Eq. 14 was used. Data in Tables I and II and the numerical factor in Eq. 42 were used in determining numerical values for the left side of Eq. 43. Table III contains the majority of the terms in the right side of Eq. 43. Those that are not contained in Table III were obtained by fitting Eq. 43 to the numerical data as a function of the potential, by a method outlined below. The rates k 3 ss and k h ss are defined as functions of the applied potential as 6,7
͓45͔
By substitution of Eq. 44, 45, and 21 into Eq. 43, and with comparison to the steady-state parameters in Table III , it is evident that one degree of freedom, by the combined term
, is available to describe the variation of
as a function of the applied potential. Tables I and II . Values of the remaining parameters are indicated in the box. Impedance data at four frequencies ͑0.01 Hz, 1 Hz, 100 Hz, and 10 kHz͒ are indicated for each case, but only few of these points have been labeled. . Values of the remaining parameters are indicated in the box. Impedance data at four frequencies ͑0.01 Hz, 1 Hz, 100 Hz, and 10 kHz͒ are indicated for each case, but only few of these points have been labeled. outer layer, and higher standard rates of water consumption and LiH dissolution at the BOI for the 12 M KOH electrolyte system. Interestingly, terms 1 and 4 in table V suggest higher porosity, faster standard rates of water reduction, and injection of lithium cations into the solution for the 12 M KOH ϩ 0.58 M sucrose electrolyte system. Furthermore, term no. 5 in Table IV indicates that the polarization of the BOI is also affected by the presence of sucrose. It must be noted that confidence intervals are not available for the steady-state parameters in Table III , and thus the ranges in Table V ͑partially derived from data in Table III͒ should be treated with caution. Note also that the wide confidence intervals for the 12 M KOH electrolyte system are the result of the small values of the steady-state faradaic admittance, dI T ss /dV, resulting in the small values for ͉B 3 ͉ in Table I , and propagated throughout the computations.
The capacitance, C 3 , is comparable for both systems, and it may be argued that this is due to the similar geometric properties ͑e.g., thickness of the film in the two systems͒. On the other hand, C 4 is higher for the 12 M KOH electrolyte than for the 12 M KOH ϩ 0.58 M sucrose electrolyte; i.e., the frequency dependence of the differential capacitance is more important in the 12 M KOH electrolyte system. This can be rationalized by noting that sucrose depresses the activity of the solution ͑i.e., lowers the rate of water transport through the outer layer and the rates of water consumption and LiH dissolution at the BOI͒. Therefore, the sucrose-free system is likely to respond faster to voltage perturbations, causing more noticeable dependencies of the geometric properties of the film on the voltage perturbation.
In the derivation of the impedance function, Eq. 1, steady-state constraints were invoked multiple times, as outlined throughout the paper. The impedance function was constructed by calibration to the zero frequency limit. Thus, it is expected that the low frequency impedance data would be well described by Eq. 1. At high frequen- . Values of the remaining parameters are indicated in the box. Impedance data at four frequencies ͑0.01 Hz, 1 Hz, 100 Hz, and 10 kHz͒ are indicated for each case, but only few of these points have been labeled. . Values of the remaining parameters are indicated in the box. Impedance data at four frequencies ͑0.01 Hz, 1 Hz, 100 Hz, and 10 kHz͒ are indicated for each case, but only few of these points have been labeled. cies, the steady-state assumptions may break down. The functional form for the differential capacitance, Eq. 40, was also derived on the basis of steady-state constraints. However, the frequency range of validity of Eq. 1 and 40 cannot be decided a priori, and should be settled by comparison with experimental data. Note that in the high frequency range, from Eq. 29, Z → (iC) Ϫ1 ϩ R s . Thus, the differential capacitance, C ͑see Eq. 40͒, is the relevant component used to model the high frequency impedance loci, and the constant, R s , is a term correcting limitations of the theory at high frequencies.
Equation 1 is compared to experimental data in Fig. 3-12 . Bestfit parameters for the computation of the solid lines are displayed in boxes within the figures. Several impedance representations ͑Ny-quist and Bode plots͒ were included for better appreciation of the goodness of fit. In the Bode plots for the phase, it is evident that the experimental and simulated impedance diverge at high frequencies, for some of the polarization potentials ͑e.g., Fig. 4, 5, 6, 7, 11, 12͒ . Extrapolation of the experimental impedance to higher frequencies yields, in general, a solution resistance that is close to zero, a result that is consistent with the closeness of the Luggin probe to the lithium anode. Note the appreciable goodness of fit over most of the frequency range for some of the cases ͑e.g., Figures 3, 8, 9 , 10͒. Equation 1 is valid for a wide frequency range and seems to break down only at frequencies above 3 kHz, for several cases.
It is of interest to present a collection of impedance signatures to identify other systems where Eq. 1 may be valid. Figures 13-18 display the variation of the Nyquist representation of the impedance as a function of the five parameters, B 1 ,B 2 ,B 3 ,C 3 ,C 4 , in Eq. 1. The impedance loci are drawn twice for two different frequency ranges to facilitate visualization of the high and low frequency regions. Some systems that have impedance signatures similar to those presented in Fig. 13-18 Figures 13 and 14 show the dependencies of the impedance function on C 3 and C 4 . If C 4 р C 3 , the high frequency loci resembles a semicircle. Increasing the value of C 4 relative to that of C 3 causes the high frequency loci to decrease its curvature. When C 4 ӷ C 3 , the high frequency and low frequency ''bumps'' become undistinguishable ͑case C 4 ϭ 1 s 1/2 ⍀ Ϫ1 cm Ϫ2 in Fig. 14͒ . From Eq. 1, the value of the impedance in the limit of zero frequency is B 1 /B 3 . Thus, the impedance increases as B 1 increases ͑Fig. 15͒ or B 3 decreases ͑Fig. 17͒. Figure 16 indicates the obvious fact, from Eq. 1, that the magnitude of the impedance increases as ͉B 2 ͉ increases. In Fig. 18 , the low frequency impedance loci intersect the negative real axis, because the ratio B 1 /B 3 is negative. In the limit of small B 3 , the plot resembles the electrochemical impedance of a process limited by diffusion ͑Warburg process͒, as shown by the case where Fig. 17 , and by the case where Fig. 18 . In principle, it is possible for C 3 and C 4 to be negative, providing more possibilities for the shape of the impedance locus that can be modeled by Eq. 1. The parameters used in generating Fig. 13-18 are known a priori to have physical significance, since they are comparable to the parameters in Tables I and II .
Conclusion
A model for the electrochemical impedance of lithium in alkaline ͑KOH͒ electrolytes has been developed. A technique for constructing an impedance function is presented that relies on calibration to steady-state properties. High frequency impedance data are explained on the basis of a differential capacitance that is voltage and frequency dependent, a property that has been rationalized theoretically. The impedance function is used to analyze the effect of an additive ͑e.g., sucrose͒ and KOH concentration on the properties of the lithium film. It is argued that sucrose decreases the rate of water transport through the outer LiOH layer, and also decreases the rates of water consumption and LiH dissolution at the BOI. Sucrose seems to increase the porosity or enhance the standard rate of lithium-ion injection at the BOI, and also to change the BOI polarization. These results extend those discussed in Ref. 6 , where it was argued that steady-state rates for lithium dissolution and hydrogen evolution, as functions of the electrolyte concentration, could be accounted for in terms of 1 ͑see Eq. 46͒, without distinguishing effects on porosity, rate constants, or the BOI polarization. Shapes of several impedance signatures consistent with Eq. 1 are presented, and it is suggested that Eq. 1 may have wider applicability, and may be not just restricted to the lithium/water system.
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